1. Introduction {#sec1}
===============

Numerous international guidelines provide evidence based recommendations of coprescribing antiplatelets drugs and statins in secondary prevention of cardiovascular events in patients with atherothrombosis (acute coronary syndromes (ACS), cerebrovascular disease, and peripheral arterial disease (PAD)) \[[@B1], [@B2]\].

Clopidogrel hydrogen sulfate,*methyl (2S)-(2-chlorophenyl)\[6,7-dihydrothieno\[3,2-c\]pyridin-5(4H)-yl\]acetate sulfate* ([Figure 1](#fig1){ref-type="fig"}), remains the oral thienopyridine agent most prescribed in the world with a loading dose of 300 or 600 mg and maintenance dose of 75 mg \[[@B2]\]. Clopidogrel is a prodrug converted about 15% in the liver by cytochrome P450 enzymes in a two-step process to the thiolic active metabolite \[[@B3]\] that irreversibly blocks the P2Y12 receptor by disulfide bonding. The first step involves cytochrome P450-dependent monooxygenation \[[@B4]\] to 2-oxo-clopidogrel and the second cytochrome P450-dependent oxidative opening \[[@B4]\] of the thiolactone ring to an intermediate sulfenic acid metabolite subsequently reduced to the active thiolic metabolite. A recent paper described PON-1-dependent hydrolysis of 2-oxo-clopidogrel leading to endometabolites \[[@B5]\]. The majority (85%) of the prodrug is hydrolyzed by esterases to an inactive carboxylic acid metabolite.

Statins are inhibitors of 3-hydroxyl-methylglutaryl coenzyme A (HMG-CoA) reductase and are recommended for NSTE-ACS patients as early as possible to reduce low-density lipoprotein cholesterol (LDL-c) levels of 2.6 mmol·L^−1^ (\<100 mg·dL^−1^), the maximal benefit being achieved with high dose (80 mg atorvastatin) \[[@B1]\].

Atorvastatin, calcium (3R,5R)-*7-\[2-(4-fluorophenyl)-5-(1-methylethyl)-3-phenyl-4-(phenylcarbamoyl)-1H-pyrrol-1-yl\]-3,5-dihydroxyheptanoate trihydrate* ([Figure 1](#fig1){ref-type="fig"}), is widely used to reduce morbidity and mortality in patients with atherosclerosis and cardiovascular disease through anti-inflammatory, antioxidative, and antithrombotic effects. Lactonization of the acid form and hydrolysis of the lactone form to open acid form are catalyzed by esterases and uridine diphosphate (UDP) glucuronosyltransferase \[[@B6], [@B7]\]. The lactone forms of atorvastatin have no lipid-lowering effects, orthohydroxyl atorvastatin is the main active metabolite detected in plasma, and parahydroxyl atorvastatin has low plasma concentration \[[@B7]\]. Atorvastatin has low bioavailability of about 12% when administered orally due to presystemic clearance in intestine and metabolization in the liver involving cytochrome P450 oxidation \[[@B8]\]. Atorvastatin has been studied in clopidogrel trials because of its high affinity to the CYP3A4 isoenzyme, causing a possible loss of antiplatelet effect of clopidogrel. Despite some clinical trials suggesting a drug-drug interaction between clopidogrel and atorvastatin, there is no significant clinical evidence to stop their coadministration in patients at high risk of atherothrombotic events.

Most published reports describe the quantification of clopidogrel carboxylic acid metabolite in biological matrix using either LC-UV for human plasma \[[@B9], [@B10]\] and rat plasma \[[@B11]\], LC-MS \[[@B12], [@B13]\], or LC-MS/MS \[[@B14]--[@B20]\]. Because of its low plasma concentration and its insufficient stability, the thiolic metabolite has been detected in few reports by LC-MS/MS \[[@B21]--[@B24]\].

Various methods have been applied for quantification of atorvastatin in human plasma by LC-UV \[[@B25], [@B26]\], for simultaneous estimation of atorvastatin and its active metabolites in human plasma by LC-MS \[[@B27], [@B28]\] and alone \[[@B29]\]. Two reports describe simultaneous determination of atorvastatin, its orthohydroxyl and parahydroxyl metabolites, and amlodipine in human plasma by LC-MS/MS \[[@B30], [@B31]\] and one for atorvastatin, metformin, and glimepiride \[[@B32]\]. Two reports describe simultaneous determination of atorvastatin and rosuvastatin \[[@B33]\], atorvastatin, and simvastatin, respectively \[[@B34]\], in human serum.

The present paper describes a selective gradient chromatographic method for simultaneous determination of clopidogrel, its carboxylic acid metabolite, and atorvastatin in human plasma and*in vivo* application in three patients following oral administration of clopidogrel and atorvastatin during their maintaining therapy. The method was applied to investigate whether a potentially harmful pharmacokinetic interaction occurs between clopidogrel and atorvastatin in patients with antiplatelet and statin therapy.

2. Experimental {#sec2}
===============

2.1. Materials and Reagents {#sec2.1}
---------------------------

Clopidogrel bisulfate, its carboxylic acid metabolite, atorvastatin calcium, and ibuprofen standards were obtained from Sigma Aldrich. HPLC grade acetonitrile, methanol, orthophosphoric acid, and water were obtained from Merck KGaA (Germany).

2.2. Instrumentation {#sec2.2}
--------------------

Chromatographic analysis was carried out using a Thermo Finnigan chromatograph consisting of ternary solvent manager, a manual injector of 20 *μ*L loop, PDA detector, and a Thermo Finnigan Xcalibur software for data acquisition. The separation was achieved on an BDS Hypersil C~18~ analytical column (250 × 4.6 mm, 5 *μ*m particle size).

2.3. Preparation of Stock and Working Standard Solutions {#sec2.3}
--------------------------------------------------------

The stock solutions of clopidogrel bisulfate, its carboxylic acid metabolite, atorvastatin, and ibuprofen (IS) were prepared at a concentration of 100 *μ*g·mL^−1^ in methanol and stored at 4°C. The working standard solutions for calibration curves have been prepared by serial dilutions with methanol at the concentrations of 50, 10, and 1 *μ*g·mL^−1^. Working standard solution of the IS (50 *μ*g·mL^−1^) was prepared in methanol. A 2 M hydrochloric acid solution was prepared in distilled water.

2.4. Preparation of Calibration Standards and Quality Control Samples {#sec2.4}
---------------------------------------------------------------------

For calibration curves, human plasma (0.5 mL) was successfully spiked with clopidogrel bisulfate, its carboxylic acid metabolite, and atorvastatin working solution to final plasmatic concentrations of 0.008, 0.016, 0.032, 0.064, 0.128, 0.25, 0.5, 1, and 2 *μ*g·mL^−1^ for clopidogrel bisulfate, 0.015, 0.03, 0.06, 0.125, 0.5, and 4 *μ*g·mL^−1^ for its carboxylic acid metabolite, and 0.005, 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64, 1.28, and 2.56 *μ*g·mL^−1^ for atorvastatin. To each calibration standard, IS (ibuprofen) was added in final plasmatic concentration of 2 *μ*g·mL^−1^ (20 *μ*L of working solution 50 *μ*g·mL^−1^). The quality control samples (QCs) used in method validation were spiked at the levels: 0.25, 0.5, 1, and 2 *μ*g·mL^−1^  *μ*g·mL^−1^ for clopidogrel bisulfate, 0.5, 1, 2, and 4 *μ*g·mL^−1^ for its carboxylic acid metabolite, and 0.2, 0.3, 1, and 2.5 *μ*g·mL^−1^ for atorvastatin.

2.5. Sample Preparation Procedure {#sec2.5}
---------------------------------

All samples were identically treated as follows: to 0.5 mL plasma samples, 20 *μ*L ibuprofen standard solution (50 *μ*g·mL^−1^), 20 *μ*L working standard solutions of analytes solution, and 200 *μ*L of HCl solution (2 M) were added. Protein precipitation was obtained with 500 *μ*L of acetonitrile. The samples were shaken for 5 minutes and centrifuged for 10 minutes at 4500 rpm. Then, the supernatant was transferred into conical tubes and evaporated to dryness under gentle stream of nitrogen at ambient temperature. The residue was reconstituted in 500 *μ*L methanol and 20 *μ*L was injected into chromatographic column.

2.6. Chromatographic Conditions {#sec2.6}
-------------------------------

The separation was achieved on an BDS Hypersil C~18~ analytical column (250 × 4.6 mm, 5 *μ*m particle size). The mobile phase consisted of A, 10 mM phosphoric acid (sodium) buffer solution (pH = 2.6 adjusted with 85% orthophosphoric acid); B, acetonitrile; and C, methanol. The gradient scheme is provided in [Table 1](#tab1){ref-type="table"}. The total run time was 20 minutes, flow rate was 1 mL·min^−1^, and injection volume was 20 *μ*L. The UV detection was performed at 220 nm.

2.7. Method Validation {#sec2.7}
----------------------

The method proposed was validated as described in ICH guidelines \[[@B35]\] in terms of linearity, limit of detection and quantification, accuracy, precision, and stability tests.

### 2.7.1. Linearity {#sec2.7.1}

The linearity of the method was determined at eight concentration levels ranging from 0.008 to 2 *μ*g·mL^−1^ for clopidogrel bisulfate, 0.01 to 4 *μ*g·mL^−1^ for its carboxylic acid metabolite, and 0.005 to 2.5 *μ*g·mL^−1^ for atorvastatin. The calibration curves were constructed by plotting the peak areas ratio (area analytes/area IS) versus concentration of analytes. The slope, Y-intercept, and correlation coefficient were calculated.

### 2.7.2. Limit of Detection (LOD) and the Lower Limit of Quantification (LLOQ) {#sec2.7.2}

The limit of detection (LOD) was estimated using signal-to-noise ratio of 3 : 1 and the lower limit of quantification (LLOQ) as 10 : 1, at which accuracy and standard deviation were within 20% as per ICH guidelines \[[@B35]\].

### 2.7.3. Accuracy and Precision {#sec2.7.3}

Intraday accuracy and precision were performed for QCs of the analytes at concentrations of 0.25, 0.5, 1, and 2 *μ*g·mL^−1^ for clopidogrel bisulfate, 0.5, 1, 2, and 4 *μ*g·mL^−1^ for its carboxylic acid metabolite, and 0.2, 0.3, 1, and 2.5 *μ*g·mL^−1^ for atorvastatin in replicate (*n* = 3). Interday accuracy and precision were achieved from the same QCs on three different days. QCs were analyzed using calibration curves. Accuracy (expressed as recovery) and precision (expressed as relative standard deviation) should not deviate by ±15% of the nominal concentration.

### 2.7.4. Stability {#sec2.7.4}

*(1) Short-Term Stability*. Stability of clopidogrel carboxylic acid metabolite and atorvastatin in human plasma was evaluated at concentrations of 0.12 and 4 *μ*g·mL^−1^ for clopidogrel carboxylic acid metabolite and 0.5 and 2.5 *μ*g·mL^−1^ for atorvastatin in three replicates for each concentration at ambient temperature for 6 hours (short-term stability) and then processed and analyzed identical to samples procedure. The stability of the analytes was determined against a freshly prepared stock solution. The stability was consistent if the deviation in concentration was within ±15%.

*(2) Long-Term Stability*. Three aliquots of low and high unprocessed QCs (0.12 and 4 *μ*g·mL^−1^ for clopidogrel carboxylic acid metabolite and 0.5 and 2.5 *μ*g·mL^−1^ for atorvastatin) were kept at −20°C for 30 days. The concentrations of the analytes after each storage period were calculated using a calibration curve, obtained from freshly prepared samples in the same analytical run. The samples were considered stable if the percentage change in the concentration was within ±15%.

### 2.7.5. Robustness {#sec2.7.5}

The method robustness was performed by evaluating the influence of small changes in chromatographic conditions, such as flow rate (±0.1 mL·min^−1^) and pH (±0.2 units). The flow rate of the mobile phase was 1 mL·min^−1^ and modified from 0.9 to 1.1 mL·min^−1^. The pH of the buffer solution was 2.6 and modified to 2.8.

### 2.7.6. System Suitability Tests (SST) {#sec2.7.6}

The most important SST parameters which were investigated for the HPLC analysis were resolution, retention time, column efficiency (N), and tailing factor (T). SST limits for HPLC method were settled according to international guidelines recommendations (resolution \> 2.0, tailing factor ≤ 2.0, and plate count \> 2000). Data from six replicate injections were used for SST and summarized. The chromatographic system was brought into compliance with the system suitability requirements.

### 2.7.7. Degradation Studies {#sec2.7.7}

According to ICH Q2B Validation of Analytical Procedures: Methodology, forced degradation studies were performed under various stress conditions with 1 M HCl, 1 M NaOH, and 5% H~2~O~2~ at 60°C for three hours.

*(1) Procedure for Preparation of Degradation Products*. Stock solutions of clopidogrel bisulfate and atorvastatin calcium were prepared at the concentration of 100 *μ*g·mL^−1^. 10 mL of clopidogrel bisulfate and atorvastatin calcium stock 20 solution were individually mixed with 10 mL of 1 M HCl, 1 M NaOH, and 5% H~2~O~2~. The solution mixtures were heated at 60°C for three hours, neutralized with 1 M NaOH and 1 M HCl for the acidic and alkaline degradation, respectively. From the resultant solutions 1 mL was diluted with methanol to the final concentration of 25 *μ*g·mL^−1^ and 20 *μ*L was injected into the system.

2.8. *In Vivo* Application {#sec2.8}
--------------------------

The method has been applied in simultaneous quantification of clopidogrel, its carboxylic acid metabolite, and atorvastatin in patient\'s plasma following oral administration of 75 mg clopidogrel and 20, 40, and 80 mg atorvastatin during their maintenance therapy with both drugs. The study protocol was approved by Ethical Committee of Medicine and Pharmacy University from Craiova, Romania, and patients had signed an informed consent. The studies were performed according to the Declaration of Helsinki and Good Clinical Practice guidelines \[[@B36]\]. Three patients (two males and one female 80, 60, and 53 years old) were included in the studies. Blood samples were collected before and at 0.25, 0.5, 1, 3, 6, 9, and 12 h after administration of the drug. The aliquot of 5 mL of blood was drawn into an EDTA tube and plasma was separated by centrifugation for 10 min at 4500 rpm and stored at −20°C.

2.9. Pharmacokinetic Calculations {#sec2.9}
---------------------------------

Data from seven sampling times within 12 h after multiple oral drug intakes were used to calculate pharmacokinetic parameters: absorption rate constant, *Ka*, time of peak concentration, *t* ~max~, maximum plasma concentration, *C* ~max~, elimination rate constant, *Ke*, area under the concentration-time curve from time zero to time *t* (AUC~0-*t*~), and area under the concentration-time curve from time zero to time infinity (AUC~0-*∞*~). Pharmacokinetic parameters are derived from data by mathematical calculations \[[@B37]\]. The overall absorption process is considered to be a single first-order process, One Compartment Pharmacokinetic Model. The slope of the plasma drug concentration versus time plot is --*Ke*/2.303. The terminal slope is then back-extrapolated to the concentration axis. Absorption rate constant, *Ka*, was estimated by applying the method of residuals. The elimination half-time (*t* ~1/2~) was estimated from ln⁡2/*Ke*. Time of peak concentration, *t* ~max~, was derived by setting the rate of change of *C* ~*p*~ (plasma concentration) versus time, *dC* ~*p*~/*dt*, to zero: *t* ~max~ = ln⁡(*Ka*/*Ke*)/(*Ka* − *Ke*). Area under the concentration-time curve from time zero to time *t* (AUC~0-*t*~), where *t* is the last measurable time, was calculated by trapezoidal rule. Area under the concentration-time curve from time zero to time infinity (AUC~0-*∞*~) was calculated totaling AUC~0-*t*~ to *C* ~last~/*Ke*, where *C* ~last~ is the last measurable concentration.

3. Results and Discussion {#sec3}
=========================

3.1. Method Validation {#sec3.1}
----------------------

### 3.1.1. Linearity {#sec3.1.1}

The calibration plot of peak area against concentration was linear in the range investigated, 0.008--2 *μ*g·mL^−1^ for clopidogrel, 0.01--4 *μ*g·mL^−1^ for its carboxylic acid metabolite, and 0.005--2.5 *μ*g·mL^−1^ for atorvastatin. The regression equations and correlation coefficient were as follows: *y* = 0.3789*x* + 0.0004, *r* ^2^ = 0.9998 for clopidogrel bisulfate, *y* = 0.2227*x* + 0.0158, *r* ^2^ = 0.9995 for clopidogrel carboxylic acid metabolite, and *y* = 0.3404*x* + 0.0017, *r* ^2^ = 0.9994 for atorvastatin, respectively, with ibuprofen as internal standard.

### 3.1.2. Limit of Detection and Quantification {#sec3.1.2}

The LOD and LLOQ for clopidogrel bisulfate were 0.003 *μ*g·mL^−1^ and 0.008 *μ*g·mL^−1^, while for its carboxylic acid metabolite 0.004 *μ*g·mL^−1^ and 0.01 *μ*g·mL^−1^. For atorvastatin the LOD and LLOQ were 0.002 *μ*g·mL^−1^ and 0.005 *μ*g·mL^−1^, respectively.

### 3.1.3. Accuracy and Precision {#sec3.1.3}

Accuracy and precision results are summarized in [Table 2](#tab2){ref-type="table"}. For intraday assay, the accuracy for QS samples expressed as recovery was in the range of 96--98% for clopidogrel bisulfate, 94--98% for its metabolite, and 90--98% for atorvastatin, respectively, and for interday assay 96-97% for clopidogrel, 94--98% for its metabolite, and 90--99% for atorvastatin. In the case of intraday precision, the relative standard deviation (RSD%) was in the range 2.03--4.17% for clopidogrel bisulfate, 1.02--4.26% for its metabolite, and 1.03--5.55% for atorvastatin. For interday assay, the results showed ranges of 2.08--8.33% for clopidogrel bisulfate, 1.04--2.12% for its metabolite, and 0.40--6.90% for atorvastatin.

### 3.1.4. Stability {#sec3.1.4}

The results obtained during short- and long-term stability for clopidogrel carboxylic acid metabolite and atorvastatin are indicated in [Table 3](#tab3){ref-type="table"}. The recovery for clopidogrel carboxylic acid metabolite ranged between 92 and 97% at the concentrations of 0.12 and 4 *μ*g·mL^−1^ during short-term tests and 92 and 96% during long-term stability study at the same concentrations. The recovery for atorvastatin in short-term study was in the range of 94--96% at the concentrations of 0.5 and 2.5 *μ*g·mL^−1^ and 92--96% for long-term stability study.

### 3.1.5. Robustness and System Suitability Test {#sec3.1.5}

The assay variability of clopidogrel bisulfate and atorvastatin calcium is summarized in [Table 4](#tab4){ref-type="table"} in deliberate varied chromatographic conditions (flow rate and pH). System suitability test results are presented in [Table 5](#tab5){ref-type="table"}.

### 3.1.6. Specificity {#sec3.1.6}

The gradient method allowed optimum separation of analytes from matrix interference. Drug-free human plasma for ten lots was analyzed for endogenous presence. Two extracted endogenous compounds had retention times of 2.673 min and 13.582 min, respectively, but they did not elute at the same time as the analytes. No significant interfering peaks were observed at the retention times of analytes. The retention times of clopidogrel carboxylic acid metabolite, atorvastatin, IS-ibuprofen, and clopidogrel bisulfate were 9.663, 10.998, 11.802, and 12.682 min. The chromatograms of blank plasma, spiked plasma and from a patient who received 75 mg clopidogrel and 40 mg atorvastatin at 40 min after dose are presented in [Figure 2](#fig2){ref-type="fig"}.

### 3.1.7. Degradation Studies {#sec3.1.7}

The chromatograms of pure clopidogrel bisulfate and atorvastatin calcium are presented in [Figure 3](#fig3){ref-type="fig"}. Significant degradation was observed under acidic (38%, *t* ~*R*~ = 9.75 min), basic (30%, *t* ~*R*~ = 8.30), and oxidative (20%) conditions for clopidogrel bisulfate presented in [Figure 4](#fig4){ref-type="fig"}, while for atorvastatin calcium no significant degradation under acidic and basic conditions was observed ([Figure 5](#fig5){ref-type="fig"}). [Table 6](#tab6){ref-type="table"} summarizes the analytes recovery after stress degradation and the retention times of the degraded products to clopidogrel bisulfate and atorvastatin calcium. Well separation of degradation products from parent peak shows that the method is stability indicating.

3.2. *In Vivo* Studies {#sec3.2}
----------------------

The applicability of the method has been demonstrated in a pharmacokinetic study to patients undergoing antiplatelet therapy with 75 mg clopidogrel and atorvastatin in different concentrations (20, 40, and 80 mg). Pharmacokinetic parameters are summarized in [Table 7](#tab7){ref-type="table"}. The mean plasma concentration-time curves of clopidogrel, its carboxylic acid metabolite, and atorvastatin in three patients with different dosage regimen are shown in [Figure 6](#fig6){ref-type="fig"}. Plasma levels of the prodrug clopidogrel beyond 3 h from administration are below the quantification limit (LLOQ 0.008 *μ*g·mL^−1^) of the gradient method and plasma levels of its carboxylic acid metabolite are much higher than those of clopidogrel. Atorvastatin reached low plasmatic concentration due to its low bioavailability but presented an increased half-life time based on its multiple metabolites and plasmatic protein binding in the percentage of 98%. These results are in direct correlation with patients intraindividual variability also assuming the long period of time of multidrug therapy.

Effects of atorvastatin on clopidogrel pharmacokinetics were modest for the patients included in the study in order to stop their coadministration based on a drug-drug interaction. It is worth mentioning that little changes in the pharmacokinetics may induce major cardiovascular effects in patients with high risk. Despite the long period of time since clopidogrel was approved on the market and the large number of clinical studies, the pharmacokinetics of this drug is still fully unrevealed by the scientific community.

4. Conclusions {#sec4}
==============

A sensitive, specific, and reproducible RP-HPLC method was developed and validated for the simultaneous analysis of clopidogrel bisulfate and its carboxylic acid metabolite along with atorvastatin in clinical samples. The method was successfully applied for determination of the analytes levels in plasma of patients treated with 75 mg clopidogrel and 20, 40, and 80 mg atorvastatin daily, with significant sensitivity for clopidogrel carboxylic acid metabolite (LLOQ = 0.01 *μ*g·mL^−1^). Extraction of the analytes from the serum has been achieved in a single step by protein precipitation with acetonitrile, with improved recovery in the range of 96--98% for clopidogrel, 94--98% for clopidogrel carboxylic acid metabolite, and 90--99% for atorvastatin, respectively. The gradient program has been proposed in order to overcome the matrix effect at the beginning of the analysis and close retention times of clopidogrel and atorvastatin.

Supplementary Material {#supplementary-material-sec}
======================

###### 

The supplementary data contains chromatograms of plasma spiked with respective standards of clopidogrel bisulfate, its carboxylic acid metabolite, atorvastatin and ibuprofen (IS.) at 50 μg·mL^−1^, obtained under the optimized chromatographic method. The chromatograms are presented in Figure S1 in order to detect any peaks interfering the target compounds. The chromatograms indicate no significant interference from impurities at the retention times of the analytes ( t~R~=9.64 min for clopidogrel carboxylic acid metabolite, 10.94 min for atorvastatin, 12.50 min for clopidogrel bisulfate and 11.90 min for ibuprofen as IS). Linearity of the calibration curves was estimated for the ratio of the peak area of clopidogrel bisulfate, its carboxylic acid metabolite and atorvastatin to that of the internal standard, ibuprofen (Figure S2), covering the range of 0.008-2 μg·mL^−1^ for clopidogrel bisulfate, 0.01-4 μg·mL^−1^ for its carboxylic acid metabolite and 0.005-2.5 μg·mL^−1^ for atorvastatin. The equations of calibration curves presented in Table S1 were used to calculate concentrations of clopidogrel bisulfate, its carboxylic acid metabolite and atorvastatin in patients´ plasma. The correlation coefficients were also calculated and presented in Table S1.

Data from seven sampling times within 12 h after multiple oral drug intakes were used to calculate pharmacokinetic parameters: absorption rate constant, k~a~, time of peak concentration, tmax, maximum plasma concentration, C~max~, eliminate rate constant, k~e~, Area under the concentration-time curve from time zero to time t (AUC~0-t~) and Area under the concentration-time curve from time zero to time infinity (AUC~0-∞~).

The plasma levels of the analytes were used to calculate pharmacokinetic parameters by mathematical calculations. C~max~ and t~max~ were read from individual analyte concentration-time curve. The elimination half-life( t~1/2~) was estimated from ln2/ke, where k~e~ is the elimination rate constant. Area under the concentration-time curve from time zero to time t (AUC~0-t~), where t is the last measurable time, was calculated by trapezoidal rule. The total area under the concentration-time curve (AUC~0-∞~).was estimated by trapezoidal rule with extrapolation to infinity using *Ct/ke*
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![Chemical structure of clopidogrel hydrogen sulfate, its carboxylic acid metabolite, atorvastatin, and ibuprofen (internal standard).](JAMC2015-892470.001){#fig1}

![Chromatograms of blank plasma (a); drug-free human plasma spiked with clopidogrel carboxylic acid metabolite (CCA with *t* ~*R*~ = 9.663 min), atorvastatin (ATV with *t* ~*R*~ = 10.998 min), IS-ibuprofen (2 *μ*g·Ml^−1^, *t* ~*R*~ = 11.802 min), and clopidogrel bisulfate (CLP with *t* ~*R*~ = 12.682 min) (b); plasma sample from a volunteer who received 75 mg clopidogrel and 40 mg atorvastatin at 40 minutes after dose under optimized gradient method at flow rate of 1 mL·min^−1^ (c).](JAMC2015-892470.002){#fig2}

![Chromatograms of clopidogrel bisulfate, its carboxylic acid metabolite, and atorvastatin calcium 25 *μ*g·mL^−1^ in optimized mobile phase (1,2-impurities).](JAMC2015-892470.003){#fig3}

![Chromatograms of acid (a), basic (b), and oxidative (c) stress degradation samples of clopidogrel bisulfate (1,2,3-degradation products).](JAMC2015-892470.004){#fig4}

![Chromatograms of acid (a), basic (b), and oxidative (c) stress degradation samples of atorvastatin calcium (1,2-degradation products).](JAMC2015-892470.005){#fig5}

![Plasma levels of clopidogrel, its carboxylic acid metabolite, and atorvastatin versus time following administration of 75 mg clopidogrel and 20 mg atorvastatin daily (patient 1), 75 mg clopidogrel and 40 mg atorvastatin daily (patient 2), and 75 mg clopidogrel and 80 mg atorvastatin daily (patient 3).](JAMC2015-892470.006){#fig6}

###### 

Gradient program for simultaneous determination of clopidogrel, its carboxylic acid metabolite, and atorvastatin.

  Time    Solvent A   Solvent B   Solvent C
  ------- ----------- ----------- -----------
  0.01    90          10          0
  2.00    90          10          0
  3.00    60          40          0
  4.00    30          50          20
  8.00    30          50          20
  10.00   30          40          30
  18.00   30          50          20
  19.00   90          10          0
  20.00   90          10          0

###### 

Intraday and interday precision and accuracy of the method.

  Analyte    Period of analysis   Nominal concentration *μ*g·mL^−1^   Mean concentration found *μ*g·mL^−1^   Recovery %   RSD %   *n*
  ---------- -------------------- ----------------------------------- -------------------------------------- ------------ ------- -----
  CLP        Intraday             0.25                                0.24 ± 0.01                            96           4.17    3
  0.50       0.49 ± 0.02          98                                  4.08                                   3                    
  1          0.97 ± 0.02          97                                  2.06                                   3                    
  2          1.97 ± 0.04          98                                  2.03                                   3                    
  Interday   0.25                 0.24 ± 0.02                         96                                     8.33         3       
  0.50       0.48 ± 0.01          96                                  2.08                                   3                    
  1          0.96 ± 0.02          96                                  2.08                                   3                    
  2          1.94 ± 0.05          97                                  2.57                                   3                    
                                                                                                                                  
  CCA        Intraday             0.5                                 0.47 ± 0.02                            94           4.26    3
  1          0.95 ± 0.01          95                                  1.05                                   3                    
  2          1.96 ± 0.02          98                                  1.02                                   3                    
  4          3.87 ± 0.08          97                                  2.07                                   3                    
  Interday   0.50                 0.47 ± 0.01                         94                                     2.12         3       
  1          0.96 ± 0.01          96                                  1.04                                   3                    
  2          1.95 ± 0.03          98                                  1.54                                   3                    
  4          3.88 ± 0.08          97                                  2.06                                   3                    
                                                                                                                                  
  ATV        Intraday             0.20                                0.18 ± 0.01                            90           5.55    3
  0.3        0.28 ± 0.01          93                                  3.57                                   3                    
  1          0.97 ± 0.01          97                                  1.03                                   3                    
  2.5        2.44 ± 0.03          98                                  1.23                                   3                    
  Interday   0.20                 0.18 ± 0.01                         90                                     5.56         3       
  0.30       0.29 ± 0.02          97                                  6.90                                   3                    
  1          0.98 ± 0.05          98                                  5.10                                   3                    
  2.5        2.47 ± 0.01          99                                  0.40                                   3                    

CLP: clopidogrel bisulfate; CCA: clopidogrel carboxylic acid metabolite; ATV: atorvastatin.

###### 

Results of stability tests for clopidogrel carboxylic acid metabolite and atorvastatin.

  Analyte                                   Stability                              Nominal concentration *μ*g·mL^−1^   Mean found concentration *μ*g·mL^−1^   Recovery %   RSD %   *n*
  ----------------------------------------- -------------------------------------- ----------------------------------- -------------------------------------- ------------ ------- -----
  CCA                                       Short-term (6 h at room temperature)   0.12                                0.11 ± 0.01                            92           9.09    3
  4                                         3.86 ± 0.15                            97                                  3.89                                   3                    
  Long-term (30 days at room temperature)   0.12                                   0.11 ± 0.01                         92                                     9.08         3       
  4                                         3.85 ± 0.06                            96                                  1.56                                   3                    
                                                                                                                                                                                   
  ATV                                       Short-term (6 h at room temperature)   0.5                                 0.47 ± 0.01                            94           2.13    3
  2.5                                       2.41 ± 0.02                            96                                  0.83                                   3                    
  Long-term (30 days at room temperature)   0.5                                    0.46 ± 0.05                         92                                     10.87        3       
  2.5                                       2.41 ± 0.01                            96                                  0.42                                   3                    

###### 

Robustness results for the RP-HPLC method.

  -----------------------------------------------------------------------------
  Parameters   CCA           ATV    CLP                                  
  ------------ ------------- ------ -------------- ------ -------------- ------
  Flow rate\                                                              
  mL·min^−1^                                                             

   0.9         9.75 ± 0.02   0.26   11.03 ± 0.01   0.61   12.96 ± 0.03   1.58

   1           9.66 ± 0.01   0.31   10.99 ± 0.02   0.66   12.68 ± 0.01   1.57

   1.1         9.44 ± 0.03   0.20   10.90 ± 0.03   0.52   12.48 ± 0.03   0.95

  pH                                                                      

   2.6         9.66 ± 0.02   0.36   10.99 ± 0.01   0.66   12.68 ± 0.01   1.55

   2.8         9.65 ± 0.01   0.20   10.93 ± 0.03   0.39   12.50 ± 0.03   0.96
  -----------------------------------------------------------------------------

*n* = 6: number of replicates.

###### 

System suitability test results for clopidogrel bisulfate, its carboxylic acid metabolite, and atorvastatin calcium by the proposed LC method.

  Parameter                 Obtained value   Reference value           
  ------------------------- ---------------- ----------------- ------- --------
  Analyte                                                               
   Retention time (min)     9.66             10.99             12.68    
   Tailing factor (*T*)     0.94             1.12              1.5     ≤2.0
   Plate count (*N*)        14763            15935             18340   \>2000
   Resolution (*R* ~*s*~)   8.75                               8.82    \>2.00

CLP: clopidogrel bisulfate; CCA: clopidogrel carboxylic acid metabolite; ATV: atorvastatin; SD: standard deviation; RSD: relative standard deviation.

###### 

Results of degradation studies on clopidogrel bisulfate and atorvastatin calcium.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------
  Condition     Time (h)   Temperature (°C)   CLP (recovery %)   ATV (recovery %)   *t* ~*R*~ for CLP degraded products   *t* ~*R*~ for ATV degraded products
  ------------- ---------- ------------------ ------------------ ------------------ ------------------------------------- -------------------------------------
  1 M HCl       3          60                 62                 89                 *t* ~1~ = 8.39 \                      ---
                                                                                    *t* ~2~ = 9.75                        

                                                                                                                          

  1 M NaOH      3          60                 70                 73                 *t* ~1~ = 3.31 \                      ---
                                                                                    *t* ~2~ = 3.72 \                      
                                                                                    *t* ~3~ = 8.30                        

                                                                                                                          

  5% H~2~O~2~   3          60                 80                 67                 *t* ~1~ = 2.64 \                      *t* ~1~ = 3.93 \
                                                                                    *t* ~2~ = 3.54                        *t* ~2~ = 7.20
  -------------------------------------------------------------------------------------------------------------------------------------------------------------

CLP: clopidogrel bisulfate; ATV: atorvastatin.

###### 

Pharmacokinetic parameters for clopidogrel bisulfate, its carboxylic acid metabolite, and atorvastatin calcium.

                                                      Elimination rate constant   Half-life *t* ~1/2~   *T* ~max⁡~   *C* ~max⁡~   AUC~0-*t*~   AUC~0-*∞*~
  --------------------------------------------------- --------------------------- --------------------- ------------ ------------ ------------ ------------
  Patient 1 (clopidogrel 75 mg, atorvastatin 20 mg)                                                                                            
  CLP                                                 0.81                        0.85                  0.25         0.1          0.85         0.85
  CCA                                                 0.15                        4.51                  1            4.2          17.79        20.46
  ATV20                                               0.08                        8.15                  3            0.09         0.67         1.03
                                                                                                                                               
  Patient 2 (clopidogrel 75 mg, atorvastatin 40 mg)                                                                                            
  CLP                                                 0.58                        1.20                  0.25         0.08         0.63         0.63
  CCA                                                 0.23                        3                     1.24         4.77         19.61        21.55
  ATV40                                               0.08                        8.37                  2.52         0.15         0.91         0.96
                                                                                                                                               
  Patient 3 (clopidogrel 75 mg, atorvastatin 80 mg)                                                                                            
  CLP                                                 1.02                        0.68                  0.25         0.07         0.65         0.65
  CCA                                                 0.13                        5.21                  1            3.32         14.38        15.45
  ATV80                                               0.07                        9.32                  3.06         0.19         1.32         1.36

[^1]: Academic Editor: Bengi Uslu
